In Neurospora, galactosamine can be released from the cell wall and from an alcohol-soluble compound by acid hydrolysis. All of the detectable alcoholsoluble galactosamine was present as uridine diphospho-2-acetamido-2-deoxy-Dgalactose (UDPGalNAc). The results of pulse-labeling studies and enzymatic assays indicated that UDPGalNAc was synthesized via the epimerization of uridine diphospho-2-acetamido-2-deoxy-D-glucose (UDPGlcNAc) The cell wall of Neurospora crassa has been the subject of previous studies with respect to its role in fungal morphogenesis (1). Mahadevan and Tatum reported previously that a number of the "morphological" mutants of Neurospora, single-gene mutants with an abnormal phenotype, have altered cell wall compositions (13). One of these, rg, appeared to lack most of the 83-1,3-glucan, a major cell wall component in the wild-type strain (2). Since there are a large number of these morphologic mutants, it was reasoned that among them there might exist other strains in which the synthesis of a single cell wall component was altered.
The cell wall of Neurospora crassa has been the subject of previous studies with respect to its role in fungal morphogenesis (1) . Mahadevan and Tatum reported previously that a number of the "morphological" mutants of Neurospora, single-gene mutants with an abnormal phenotype, have altered cell wall compositions (13) . One of these, rg, appeared to lack most of the 83-1,3-glucan, a major cell wall component in the wild-type strain (2) . Since there are a large number of these morphologic mutants, it was reasoned that among them there might exist other strains in which the synthesis of a single cell wall component was altered.
Therefore, 44 of these mutants were screened for their cell wall glucosamine, galactosamine, and amino acid compositions (C. Edson and S. Brody, manuscript in preparation), and one, doily, with 0.5% of the wild-type level of galactosamine, was chosen for further study.
(This work was submitted by C. M 
MATERIALS AND METHODS
Chemicals. Uridine diphospho-2-acetamido-2-deoxy-i-glucose (UDPGlcNAc) was purchased from Sigma Chemical Co. Radiochemicals were obtained from New England Nuclear Corp. All other chemicals were of analytical reagent grade.
Strains. The wild-type RL3-8A (FGSC 2218), do (FGSC 177), inl (FGSC 497), and nic-3 (FGSC 2246) strains were obtained from the Fungal Genetics Stock Center (FGSC), California State University, Humboldt, Arcata, Calif. Inositol-requiring double muiant strains were constructed by standard genetic techniques.
Growth conditions. The strains were cultured in Vogel minimal medium (20) containing 2% glucose plus any required nutritional supplements. Stocks were maintained on 6-ml slants of the same medium solidified with 2% agar. Cultures of 50 and 400 ml were grown in 125-ml Erlenmeyer and 1-liter Florence flasks, respectively, at 22 C on a rotary shaker (Eberbach). Larger quantities were grown in 20-liter glass carboys with constant sparging in a constant-temperature water bath at 22 C.
Nucleotide sugar extraction and analysis. For the initial identification of the nucleotide sugars, they were extracted from 200 to 300 mg of lyophilized mycelia with 150 ml of boiling 80% ethanol for 15 min. For analysis of the nucleotide sugar content of mycelia, the mycelia were harvested and extracted rapidly as described previously (17) . In 3 h, 100 C, in sealed, evacuated glass tubes) and analysis of the free amino sugars on a Beckman 120 C amino acid analyzer (17) . Milder acid hydrolysis (0.1 N HCl, 100 C, 15 min) cleaved the nucleotide sugars but did not release appreciable amounts of free amino sugars.
Conversion of UDPGaINAc to UDPGIcNAc. Lyophilized RL3-8A mycelia (163 mg) were ground with acid-washed sea sand at room temperature with a mortar and pestle and extracted at 4 C with 6 ml of 0.1 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride-0.01 M MgCl2 (pH 7.4; 22 C). One milliliter of the 12,000 x g supernatant (about 6.8 mg of protein) was incubated with 20 ,l of 14C-labeled uridine diphospho-2-acetamido-2-deoxy-Dgalactose (UDPGalNAc) (uniformly labeled in the galactosamine moiety) (1 ,uCi/ml per 24 nmol) and 20 ,ul of nicotinamide adenine dinucleotide (25 mg/ ml) at 34 C for 1 h. The reaction was stopped by the addition of 12 M HCl to a final concentration of 3 M. The sample was hydrolyzed, the amino sugars were separated (see above) and collected as they eluted from the amino acid analyzer, and their radioactivity was measured.
UDPGIcNAc-4-epimerase (EC 5.1.3.7) assay. Lyophilized mycelia (300 mg) were ground with acidwashed sea sand at room temperature with a mortar and pestle and then extracted at 4 C with 12 ml of 0.1 M Tris-hydrochloride (pH 7.5; 22 C) containing 0.001 M ethylenediaminetetraacetate. All subsequent steps were performed at 4 C. After centrifugation at 12,000 x g for 10 min, the supernatant was taken to 50% saturation by the gradual addition of solid ammonium sulfate. After stirring for an additional 10 min, the precipitate was collected by centrifugation, dissolved in 6 ml of the extraction buffer, and dialyzed for 3 h against 1 liter of the same buffer. The assay conditions were similar to those of Davidson (3) . A typical assay mixture contained 0.001 M UDPGlcNAc and 0.8 ml of dialyzed enzyme preparation (about 3 mg of protein) in a total volume of 0.9 ml. After incubation for 30 min at 22 C, 0.3 ml of 12 N HCl was added and the precipitated protein was removed by centrifugation. The supernatant was heated at 100 C for 3 h in a sealed, evacuated glass tube. The HCl was removed by repeated flash evaporation, and the presence of amino sugars was determined on an amino acid analyzer.
Genetics and isolation of partial revertants. Standard crossing procedures utilizing Westergaard synthetic crossing medium (21) added to 100 ml of aqueous 1% sodium dodecyl sulfate and stirred first for 3 h at 22 C and then for 16 h at 4 C. The cell wall material was washed by decantation six to seven times with distilled water, lyophilized, and ground to a fine powder in a Wiley mill. The material was then boiled in 80% ethanol (100 ml/500 mg of cell wall) for 20 min, filtered, and lyophilized. The lyophilized material was stored undesiccated at 22 C. Cell wall purity was monitored by the two criteria described previously (17) .
Cell wall fractionation. The cell walls were fractionated by a modification of the procedure of Mahadevan and Tatum (13). The only difference was that the ethanol-insoluble material obtained from the initial 2 N NaOH extract (fraction I) was further fractionated by dialysis against water into watersoluble (fraction IS) and water-insoluble (fraction IP) parts.
Hydrolysis of cell walls and mycelia. Acid hydrolyses to determine the amino sugar composition of the cell walls or mycelia were carried out in vacuo with 6 N HCI, at 90 C, for 15 h in sealed 6-inch (ca. 15.24-cm) glass tubes. The HCl was removed by repeated flash evaporation. The amino sugar content was determined with an amino acid analyzer as described above.
Miscellaneous techniques. Protein was determined by the method of Lowry et al. (12) , with crystalline bovine serum albumin as a standard. Radioactivity was determined in a Beckman liquid scintillation spectrometer with a toluene-based scintillation fluid containing Spectrafluor (Amersham). Up to 0.4 ml of water could be included in the sample if 4 ml of 100% ethanol was added per 10 ml of scintillation fluid.
RESULTS
Galactosamine biosynthesis. (i) Nucleotide sugar. Galactosamine has been reported as a component of the Neurospora cell wall by several workers (6, 7, 11, 13, 16, 19) . There is some evidence that it exists as an unacetylated homopolymer (7) and as a partially acetylated component of a mucopolysaccharide (16) . Although no information is available concerning the biosynthesis of cell wall galactosamine-containing material in Neurospora, there has been a report of an alcohol-soluble compound that contains galactosamine (17) .
In bacterial (5) and mammalian systems (3), the galactosamine moiety is synthesized as UDPGalNAc via epimerization of UDPGlcNAc. To determine the identity of the alcohol-soluble galactosamine in Neurospora, a sample of an ethanol extract of the wild-type strain was subjected to paper chromatography in an ammonium acetate-ethanol solvent. After acid hydrolysis, no galactosamine could be found in the area of the chromatograms corresponding to the positions of N-acetylgalactosamine or galactosamine. The only detectable galactosamine on the chromatogram was released by acid hydrolysis from an ultraviolet-absorbing spot that co-chromatographed with authentic UDPGalNAc. A sample of the ultraviolet-absorbing material in water exhibited an ultraviolet spectrum characteristic of a uridine-containing compound. However, since UDPGlcNAc migrated in the same position and is present in high concentration in Neurospora (18) , these results by themselves suggest, but do not conclusively prove, that the galactosamine-containing compound was UDPGalNAc. A direct demonstration of the presence of UDPGalNAc was not possible since a search of the literature as well as several direct attempts failed to uncover a suitable chromatographic or electrophoretic technique for separating UDPGlcNAc from UDPGalNAc.
(ii) Pulse labeling. To determine the origin of the presumed UDPGalNAc, a culture of the RL3-8A strain was pulse-labeled with radioactive glucosamine. If Neurospora synthesizes UDPGalNAc from UDPGlcNAc, then after the labeling the two nucleotide sugars should be of comparable specific radioactivities. If the UDPGlcNAc is not synthesized from a glucosamine-containing precursor, however, the specific radioactivity of the UDPGalNAc should be much lower than that of the UDPGlcNAc. The procedure followed was that of Endo et al. (4), who studied the synthesis of UDPGlcNAc in Neurospora. A shake culture of the RL3-8A strain was incubated under nongrowth conditions for 2.5 h with [U-_4C]glucosamine, and the nucleotide sugars were isolated, hydrolyzed, and analyzed. The effluent from the amino acid analyzer was collected, the appropriate fractions were evaporated, and their radioactivity was determined. The results (Table 1) showed that the two amino sugars had specific radioactivities in the same range, indicating that glu- cosamine is an efficient precursor of galactosamine in Neurospora.
(iii) Epimerization. Finally, a cell extract of the RL3-8A strain was assayed for UDPGlcNAc-4-epimerase. The reaction was assayed in the direction from UDPGalNAc to UDPGlcNAc since the equilibrium constant of this enzyme from other sources favors UDPGlcNAc formation, K,q = 3 to 5 (3, 8, 14) .
The results showed that 7% of the radioactivity chromatographed as glucosamine, while 93% remained as galactosamine. The control incubation, without enzyme, showed that the UDPGalNAc preparation was not contaminated with any radioactive material that cochromatographed with glucosamine after hydrolysis.
From these three sets of data, we conclude that galactosamine is present in Neurospora as UDPGalNAc and that it is synthesized via epimerization of UDPGlcNAc. A scheme which summarizes glucosamine and galactosamine metabolism in Neurospora is shown below:
Fructose-6-phosphate -).*UDPGlcNAc -s chitin UDPGlcNAc UDPGalNAc -s galactosamine polymers Amino sugar content. Table 2 gives the amino sugar compositions of mycelia, cell wall, and alcohol-soluble material from cultures of the RL3-8A and doily (do) strains. The results indicate that the RL3-8A and doily strains have similar levels of glucosamine in the three types of material examined. However, the levels of galactosamine in the doily material were found to be 0.5% (mycelia), 0.5% (cell wall), and 3% (alcohol-soluble) those in RL3-8A. The low level of galactosamine observed in the doily cell wall was not an artifact of preparation, since the doily mycelium was also deficient in galactosamine. The low level of galactosamine in doily was not due to loss of material into the growth medium, as judged by the absence of galactosa- bThe cell wall comprises about 15% of the dry weight of the lyophilized mycelia in both strains.
hol-soluble galactosamine suggested that the doily mutant might be blocked in galactosamine biosynthesis. UDPGIcNAc-4-epimerase activity. To investigate this possibility, an assay was developed for the enzyme UDPGlcNAc-4-epimerase. The assay was linear with respect to time and protein concentration. The addition of nicotinamide adenine dinucleotide had no effect on the activity, and in this respect the Neurospora enzyme appears to resemble the bacterial epimerase (5) . The apparent Michaelis constants for the enzyme in RL3-8A and doily strains, obtained from Lineweaver-Burk plots, are given in Table 3 . Although the data are subject to considerable variability, they indicate that the activities in the RL3-8A and doily strains have similar apparent Michaelis constants (K,,,). The specific activity of the enzyme in both strains was determined (Table 3) , and the results show that the doily extract had 20% of the specific activity of the UDPGlcNAc-4-epimerase found in RL3-8A. Assays of mixed extracts did not detect an inhibitor in the doily extract (data not shown). Without a more extensive purification of the enzyme, it is not possible to determine whether doily contains less UDPGlcNAc-4-epimerase protein or whether this strain has a mutated enzyme that is less active. Nevertheless, these results show that there is less UDPGlcNAc-4-epimerase activity in doily than in the wild-type strain and are consistent with the in vivo evidence that doily is unable to synthesize normal levels of galactosamine.
Partial revertants of do locus. (i) Genetic analysis. To obtain further evidence of the involvement of the do locus with galactosamine biosynthesis, partial revertants of this locus were isolated. Several stable strains with intermediate growth rates were obtained after crossing the fast-growing colonies to the wild-type RL3-8A. These revertant strains were designated CE2-4, CE2-8, etc.
The radial growth rates and amino sugar levels were determined for several of these partial revertants (Table 4) . Consistent with the genetic data, the growth rates for the strains were intermediate between those of the RL3-8A and doily strains. If the do locus were involved in galactosamine biosynthesis, it would be expected that partial revertants would contain levels of total (mycelial) and alcohol-soluble galactosamine intermediates between those of the RL3-8A and doily strains. With one exception (CE2-8A), this was found to be true. In the CE2-8A strain, however, the alcohol-soluble galactosamine level was about sevenfold higher than in doily, but the total galactosamine level was still close to that of doily. In this strain, the growth rate and morphology seem to have been separated genetically from the galactosamine level. Although the UDPGlcNAc-4-epimerase activity was not measured in these strains, the alcohol-soluble levels of galactosamine indicate that this enzyme is more active in these strains in vivo than in the doily strain. An unexpected result was the wide variation observed in the alcohol-soluble glucosamine (UDPGlcNAc) levels among the partial revertant strains. This would not be expected to occur merely Aue to the partial activation of UDPGlcNAc-4-epimerase and cannot be explained at this time.
It was not possible to alter the growth rate and phenotype of doily or the partial revertants by the addition of galactosamine or N-acetylgalactosamine to their growth media.
To establish whether these strains were true partial revertants at the do locus and not second-site suppressor mutants, the following crosses were performed. It is known that the nic-3 locus is closely linked to the do locus (15) .
By standard procedures, a do,nic-3,inl triple mutant was prepared.
In crosses of this strain with the presumed partial revertants, the segregation of the nic-3 locus was followed. If the strains were revertants at the do locus, then there should be few niacin-requiring, fast-growing progeny. On the other hand, if the strains were second-site suppressor mutants with additional lesions far frpm the do locus, then there should be approximately equal numbers of niacin-requiring and niacin-nonrequiring, fast-growing progeny. The results of several such crosses (Table  5 ) offer clear support for the strains being partial revertants at the do locus. Further, the 1:1 Mendelian ratios observed in the progeny for the phenotypes of the parental strains (Table 5) have been found also for crosses of the partial revertants to the wild-type strain.
Cell wall studies. Since cultures of the doily strain are quite different morphologically from those of the wild-type RL3-8A strain, it was of '*These two strains are temperature sensitive.
"The discrepancy between these values is probably due to the very high base line that is observed on the amino acid analyzer when hydrolysates of whole mycelia are analyzed.
interest to determine whether the low content of galactosamine was the only cell wall abnormality in this mutant. The cell walls of both strains were fractionated chemically and the fractionation patterns were compared. The results (Table 6) show that the doily cell wall fractionates quite differently from the RL3-8A cell wall. Although changes were observed in every fraction, the major ones were that the doily cell wall yielded more than twice the RL3-8A level of FIP (a relatively uncharacterized fraction) and about half the RL3-8A level of FIII (,8-1,3-glucan) .
The data suggest that there have been major structural and/or compositional alterations of the doily cell wall, but a thorough characterization of the material present in each fraction is required before any understanding can be reached on the significance of these results and their relationship to the level of cell wall galactosamine in doily.
DISCUSSION
The presence of UDPGalNAc in Neurospora makes it plausible that the galactosamine-con- (FI) was obtained by extraction with 2 N NaOH and then further resolved by dialysis versus water to yield a water-soluble fraction (FIS) and a waterinsoluble fraction (FIP). After the alkaline treatment, the residual cell wall material was acid hydrolyzed, and a fraction (FII) consisting primarily of glucose was released. The residue was then treated with alkali again, and FIII (,8-1,3-glucan) was released. The residue from this third treatment was FIV, primarily a chitin-containing component. See reference 13 for full details of the procedures and properties of the fractions. Although the level of glucosamine found in the cell wall of the wild-type strain corresponded well to that reported by others, the level of galactosamine was between 3-and 60-fold higher (6, 11, 19) . One of the possible reasons for this difference is that the galactosamine content varies with the growth conditions (17) . Another reason for this difference lies in the procedure utilized for preparation of the cell wall. Several of the procedures employed by the other workers involve acid or salt washes, which can extract galactosamine-containing material from the cell wall (unpublished data). The findings reported here, that the alcoholsoluble galactosamine accounted for only 1 to 2% of the total mycelial galactosamine and that about 98% of the mycelial galactosamine was recovered in the isolated cell wall, indicated that the present cell wall purification procedure was satisfactory for the wild-type strain. Similar results were obtained for glucosamine with the wild-type strain and for galactosamine with the doily strain. However, with the doily strain, about 30% of the mycelial glucosamine was lost during preparation of the cell wall. These results suggest that analysis of whole mycelia for the amino sugar content would provide one reference for assessing the chemical integrity of the cell walls purified from that mycelia.
The low levels of cell wall galactosamine and UDPGalNAc in the doily strain correlate well with the presence of only 20% of the UDPGlcNAc-4-epimerase activity that is present in the wild-type strain. Until the genetic studies were carried out, there was a good case for a causal relationship between the level of galactosamine and morphology in doily. However, the isolation of a partial revertant at the do locus (CE2-8A) with nearly wild-type morphology and growth rate but with a low galactosamine content similar to that of the doily strain indicates that such a relationship cannot exist. This finding is supported by recent work with the wild-type strain in which it was shown that galactosamine is synthesized late in the cell growth phase and that the early growth has a normal morphology and rate even though galactosamine is not being synthesized (17) .
If the low level of galactosamine is not the factor responsible for the abnormal morphology of the doily strain, then it might be expected that other cell wall differences between the wild-type and doily strains might exist. The cell wall fractionation data for the wild-type and doily strains is consistent with there being dramatic differences between the two types of cell wall other than the absence of galactosamine and suggest that a thorough analysis of the two cell walls as to composition and structure could reveal other effects of the doily mutation. A partial analysis of peptides in the doily wall has been reported (22) .
At present, neither the structural nor the physiological functions of the galactosaminecontaining material in the Neurospora cell wall are known. Circumstantial evidence suggests that there may be some relation between the level of cell wall galactosamine and the production of extracellular enzymes (6) . If the partial revertant strain CE2-8A should prove to have the same cell wall composition and structure as the wild-type strain but without galactosamine, then a direct search for such a relation may be possible. Furthermore, an extensive analysis of the two strains might reveal differences attributable to the presence or absence of cell wall galactosamine.
There have only been a few examples of the genetic approach to fungal cell wall structure. In one of the more interesting studies, Katz and Rosenberger employed a temperature-sensitive mutant of Aspergillus nidulans which was blocked in glucosamine synthesis (9, 10) . This strain was unable to synthesize chitin at the nonpermissive temperature and lysed at the higher temperatures. This type of analysis indicated that the chitin component serves as a rigid, stiffening agent for the cell wall. Their data also indicated that cell wall galactosamine formation was blocked at the high temperature in the mutant strain. This latter finding would correspond very well to the data in this paper, which indicate that galactosamine-containing compounds are synthesized from glucosamine compounds.
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